Single, double, and triple ionization of the C + ion by a single photon have been investigated in the energy range 286 to 326 eV around the K-shell single-ionization threshold at an unprecedented level of detail. At energy resolutions as low as 12 meV, corresponding to a resolving power of 24 000, natural linewidths of the most prominent resonances could be determined. From the measurement of absolute cross sections, oscillator strengths, Einstein coefficients, multi-electron Auger decay rates and other transition parameters of the main K-shell excitation and decay processes are derived. The cross sections are compared to results of previous theoretical calculations. Mixed levels of agreement are found despite the relatively simple atomic structure of the C + ion with only 5 electrons. This paper is a follow-up of a previous Letter [Müller et al., Phys. Rev. Lett. 114, 013002 (2015)].
I. INTRODUCTION
Carbon is the second most abundant heavy element (with atomic numbers Z > 2) in the universe next to oxygen. It is prominently present in all astrophysical environments. Moreover, it is the prime constituent of organic chemistry and the building block of life on Earth. In both, collisionally ionized and photoionized gases, carbon atoms occur singly or multiply charged and the ions can serve as probes for the state of the plasma in which they are formed, be it of astrophysical or terrestrial origin. Important diagnostic techniques rely on the soft-xray spectroscopy of carbon ions especially near the Kedge [1] .
Similar spectroscopic techniques based on the production and observation of the decay of K-vacancy states are employed to characterize the chemical environment of carbon atoms in molecules, clusters, and solids. When a K-shell electron is removed from a neutral carbon atom the resulting ion is most likely in one of the C + (1s2s 2 2p 2 2 S, 2 P, 2 D) states which then decay by emitting photons or electrons with characteristic energies. Identical terms can be excited from the ground state of C + ions by irradiation with photons of the same characteristic energies [2] . Resonance parameters and details of the transitions such as the natural widths, the oscillator strengths and the exact wavelengths can be determined in photoionization experiments with C + ions. * Alfred.Mueller@iamp.physik.uni-giessen.de † Present address: Helmholtz-Zentrum Berlin, Department Optics and Beamlines, Berlin, Germany An important aspect of K-shell excited C + (1s2s 2 2p 2 2 S, 2 P, 2 D) states is their unique electronic configuration with four electrons in the L-shell. Four electrons residing above a K-shell vacancy is the minimum number required for observing triple-Auger decay in which one of the four electrons falls into the K vacancy while all three other electrons are ejected into the continuum in a correlated four-electron process. This process has been unambiguously identified in our preceding Letter [3] .
Photoprocesses involving C + ions have been studied in previous experiments. Photoabsorption by boronlike C + ions was investigated by Jannitti et al. [4] with a technique using two laser-produced plasmas. Photoionization of C + ions has already been addressed in several merged-beam experiments. The valence-electron energy range has been studied by Kjeldsen et al. [5, 6] , while Schlachter et al. [2] explored the 1s → 2p excitation resonances. In both cases absolute single-ionization cross sections were determined. Theoretical calculations for K-shell photoabsorption by C + ions have produced cross sections using R-matrix techniques [1, 2, 7] and, indirectly, by the multi-configuration Dirac-Fock method [8] .
Measurements for the boronlike sequence of ions were recently extended to N 2+ [9] and O 3+ [10] by using the photon-ion merged-beam technique. Resonant Kshell excitation of boronlike Fe 21+ (1s 2 2s 2 2p 2 P 1/2 ) was observed by detecting fluorescence photons and photoions [11, 12] in experiments employing an electron beam ion trap. Deep-core photoexcitation of ions has recently been reviewed by Müller [13] .
Due to the low density of ions in a beam, the presence of high detector backgrounds and limited photon flux available from synchrotron radiation sources, pho-toionization experiments involving K-vacancy production had been limited until recently to the strongest resonance features in the spectrum. Schlachter et al. [2] observed only 1s → 2p transitions in C + at resolving powers 2400 to 5800. Gharaibeh et al. [9] measured the strongest 1s → 2p and 1s → 3p transitions in N 2+ at resolving powers E/∆E 4500 to 13 500. McLaughlin et al. [10] investigated the same transitions in O 3+ at resolving powers E/∆E 3200 to 5000. The ion-trap experiments involving K-vacancy production in B-like Fe 21+ ions were restricted to the observation of an unresolved blend of Fe 21+ (1s2s 2 2p 2 2 P 1/2 ) and Fe 21+ (1s2s 2 2p 2 2 D 3/2 ) levels in the energy range 6583 -6589 eV. The associated resonances were not directly measured on an absolute cross-section scale. The energy resolution in the particular measurement on Fe 21+ was 1 eV corresponding to a resolving power of about 6600.
All those previous experiments were restricted to the single-ionization channel and few isolated resonances. Since then, significant experimental progress has been achieved in that the energy ranges of experiments have been extended to the region beyond the K edge and multiple ionization up to the removal of three electrons from the initial ion was investigated for the lighter elements up to atomic number Z = 10 [3, [14] [15] [16] [17] . L-shell excitation and ionization in Fe + and M-shell vacancy production in singly and multiply charged xenon ions have been investigated by observing up to 6-fold net ionization of the parent ion [18] [19] [20] .
Here we report absolute cross-section measurements for photoionization of C + near the K edge. The experiments were performed at the photon-ion merged-beam setup PIPE (photon-ion spectrometer at PETRA III) [19] using monochromatized undulator radiation from the PETRA III synchrotron light source in Hamburg. Single and double ionization were investigated covering the whole range of 1s → np (n = 2, 3, 4, ..., ∞) one-electron and 1s2s → 2pnp (n = 2, 3, 4, ..., ∞) two-electron excitations occurring well beyond the K-shell ionization threshold. For the strongest 1s → 2p resonances and the immediate K-edge region triple ionization was also observed. With the extended capabilities of the PIPE experiment, structures and processes in ionized atoms, molecules and clusters can be observed which have not been previously accessible to experiments.
The present paper provides details of experiments and additional results from our previous work [3] . Emphasis in the previous publication was on the discovery and unambiguous demonstration of an elusive four-electron Auger process, the triple-Auger decay, in which three electrons are ejected in a single event while a fourth electron falls into a K-shell vacancy. The present paper focuses on the determination of absolute cross sections at very high energy resolution and the information that can be derived from the combined results of absolute measurements of partial cross sections for different final channels and the natural widths of resonance lines.
This presentation is structured as follows. After this introduction, a brief overview of the experiment is provided with details specific to the present measurements.
The experimental results are shown in detail. Photoabsorption cross sections for C + ions and decay parameters of core excited states are derived from the measurements and compared with the results of theoretical calculations as well as with measurements available in the literature. After a summary and acknowledgements, an appendix describes the formalism and procedure for the extraction of transition parameters from absolute photoionization cross sections.
II. EXPERIMENT
The experimental arrangement and procedures have been described in detail previously [17, 19] . In short, C + ions were produced for the present measurements in an electron-cyclotron-resonance (ECR) ion source. The ions were accelerated to 6 keV, magnetically analyzed to obtain an isotopically pure beam which was then transported to the interaction region, collimated and merged with the photon beam available at beamline P04 [21] of PETRA III. The product ions were separated from the parent ion beam by a dipole magnet inside which the primary beam was collected in a large Faraday cup. The photoionized ions were passed through a spherical 180-degree out-of-plane deflector to suppress background from stray electrons, photons and ions and then entered a single-particle detector with near-100% detection efficiency. The high brightness and flux of the photon beam (2 × 10 11 s −1 at 288 eV energy and 12 meV bandwidth) permitted tight collimation of the ion beam (1.5 nA) and a significantly improved spatial overlap with the photon beam compared to earlier experiments. Form factors [17, 19, 22] in the cross-section measurements were between 3460 and 4800 cm −1 ; optimized beam tuning resulted even in 9900 cm −1 . In the preceding Letter [3] the single-interaction condition (strictly only one photon absorbed and no other interactions) for the measurement of the relatively small triple-ionization cross section has been discussed in detail and unquestionably verified.
The photon flux was measured with a calibrated photodiode. The photon energy scale was calibrated with an uncertainty of better than ±30 meV by remeasuring known photoionization resonances in C 3+ [23] . Doppler shifts due to the ion velocity directed opposite to the incoming photons were corrected for, the correction factor of the laboratory photon energy being approximately 1.001. The systematic total uncertainty of the measured cross section for single and double ionization is ±15% [19] to which statistical uncertainties have to be added. In the case of triple ionization the cross section was derived from ratios between consecutive recordings of the spectra for single, double, and triple ionization with the experimental conditions unchanged and by normalizing to the absolute data for single and double ionization. A conservative estimate of the uncertainty of the extremely small absolute triple-ionization cross section is ±50%. Figure 1 provides an overview of the investigated cross sections for single, double, and triple ionization of C + ions by single photons. Theoretical calculations for photoabsorption by ground-term and metastable C + ions [1] are displayed in panel a). For metastable C + (1s 2 2s2p 2 4 P) ions with an excitation energy of about 5.33 eV [24] the available calculations are restricted to the energy range where 1s → 2p excitations occur. The cross sections are represented by a black solid line with gray shading. For ground-term C + (1s 2 2s 2 2p 2 P) ions the lighter (blue) solid line was calculated. Since the cross sections at energies beyond 305 eV are relatively small as compared to the 1s → 2p resonances they were multiplied by a factor 10 and displayed again in panel a) with a vertical offset.
III. RESULTS
Panel b) shows the experimental cross section for net single ionization of C + ions by single photons measured at a bandwidth of 38 meV. Like all other cross sections discussed in this paper these data are on an independently absolute scale. The spectrum at energies beyond 305 eV was multiplied by a factor of 10 and displayed again in panel b) with a vertical offset for better visibility of the small resonance peaks. In panel c) the experimental cross section for net double ionization of the C ion by a single photon. The energy region around 288 eV was scanned in fine steps at a resolution of 92 meV. The isolated cross section data at higher energies were measured at a bandwidth of 130 meV. Unfortunately, the low signal rates were not sufficient for scanning a wide energy range in small steps so that resonance structures expected in the energy range 305 -325 eV could not be made visible unambiguously. Note that the cross-section scale is down from that of panel c) by another factor of about 200. Figure 2 shows the result of a photon-energy scan at 38 meV resolution of the cross section for single photoionization of C + ions by single photons in the energy range 286.9 -290.9 eV covering all contributions from 1s → 2p excitations. Individual resonance terms are identified on the basis of the discussion provided in the work by Hasoglu et al. [1] . The assignment of the first two peaks is reversed compared to earlier theoretical work [2, 7] . Arguments for the new assignment are provided in the theory paper published by Hasoglu et al. [1] . The quartet terms arise from metastable C + (1s 2 2s2p 2 4 P) parent ions, the doublet terms are populated by excitation of ground-level C + (1s 2 2s 2 2p 2 P) ions. Both, ground-state and metastable ions are present in the primary ion beam used in the experiments as can be seen by comparing the cross sections displayed in Fig. 1 panels a) and b) in the range of 1s → 2p excitations.
Comparison of the ratios of experimental resonance strengths for the metastable and the ground-state components with the theoretical results obtained by Hasoglu et al. [1] , Wang and Zhou [7] , as well as Shi and Dong [8] results in values for the fractional abundance of metastable C + (1s 2 2s2p 2 4 P) parent ions within 10±0.3%. Figure 2 includes, as an example, the results of the R-matrix calculations carried out by Hasoglu et al. [1] for both ion beam components. A weighted sum of the theoretical cross sections for 10% metastable and 90% ground-term components convoluted with a 38-meV FWHM Gaussian is compared with the experimental data. The theory data agree well with the experimental results for the dominant resonances. While peak areas are also predicted quite well for the smaller resonances there are shifts of up to 0.5 eV in the calculated resonance energies for the 4 P o and 2 S K-vacancy states. Previous R-matrix calculations [2] showed better agreement for the positions of the latter resonances but differed slightly in size and position for the strongest (1s2s 2 2p 2 2 P) resonance. Further comparisons of the experimental data with the theoretical cross sections mentioned above will be shown and discussed below.
The good agreement of the R-matrix photoabsorption calculations with the experimental cross sections for single ionization by single photons in the energy range 287 -291 eV shows that photoabsorption in this energy range is dominated by K-shell excitations, 1s → 2p, of C + ions with subsequent single Auger decay populating the final C 2+ product ion channel. This situation changes at higher photon energies as Fig. 3 illustrates. 3 . In spite of the relatively large calculation, the resulting K-edges may have uncertainties of the order of 1 eV. For example, the 1s2s 2 2p 1 P 1 level which is the series limit of the 1s2s 2 2p ( 1 P)np Rydberg resonance series, clearly seen in both the theoretical and experimental spectra, should be near 317.6 eV rather than 316.7 eV as calculated with the Cowan code. The GIPPER code [27] predicts the cross section for direct C + K-shell ionization to be about 0.8 Mb just above threshold which is in fairly good agreement with the R-matrix calculation for photoabsorption and the experimental data for double ionization at energies beyond 319 eV. The K-edges associated with 3 P 0 (0.20 Mb), 3 P 1 (0.40 Mb) and 1 P 1 (0.20 Mb) constitute almost the full K-shell photoabsorption cross section resulting from the R-matrix calculations at energies above the 1 P 1 threshold.
Panel b) of Fig. 3 displays the experimental cross section for single ionization of C
+ by a single photon as a thin (green) solid line with (light green) shading. There is remarkably good agreement of the experimental singleionization cross section and the theoretical photoabsorption cross section at energies up to about 312 eV. With increasing photon energy single-ionization appears to die out and there is no sign of the K edge. Understanding this phenomenon is straightforward. When a K-shell electron is removed from C + the dominating reaction to be expected is an Auger decay of the resulting K-vacancy state in C 2+ by which a further electron is removed and a C 3+ product ion is formed. Therefore, direct K-shell ionization results predominantly in net double ionization of the initial C + ion. Indeed, the associated cross section function shows clear evidence of K edges at energies above approximately 314.3 eV.
With a much smaller probability a double-Auger decay may follow the removal of a K-shell electron from C + producing C 4+ and thus contributing to net triple ionization. This contribution is very small as evidenced by the results shown in panel d) of Fig. 1 . There is a clear signature of the K-edge with a steep rise of the triple-ionization cross section at energies above 316 eV, however, the ionization continuum is about a factor 100 smaller than that in double ionization. As will be demonstrated below, radiative stabilization of a K vacancy in C 2+ has a probability that is approximately two to three orders of magnitude smaller than that of Auger decay. Hence, photoabsorption by C + in the present energy range results almost exclusively in net single or double ionization. The sum of the associated cross sections σ 12 and σ 13 , respectively, is a very good approximation for the total photoabsorption cross section. Therefore, panel b) of Fig. 3 includes that sum of the experimentally determined σ 12 and σ 13 at a photon energy bandwidth of 85 meV. It is represented by the bold solid (brown) line with (light orange) shading. Since single ionization was measured at 38 meV resolution and double ionization at 85 meV resolution, the experimental cross section σ 12 was convoluted with a 76.03-meV FWHM Gaussian to model a resolution of 85 meV = (38 2 + 76.03 2 ) 1/2 meV before the two cross sections were added.
The experimentally derived cross section σ abs = σ 12 + σ 13 is in very satisfying agreement with the theoretical photoabsorption cross section. Only details in the structure far beyond the K edge appear to be somewhat different with two pronounced features in the experimental spectrum at about 318.7 eV and 320.8 eV which are not as obvious in the theoretical result. One has to keep in mind in this context, that the theory curve is for groundstate C + ions only, while the ion beam employed in the experiment included a 10% fraction of ions in metastable 1s 2 2s2p 2 4 P levels. Apparently, this beam contamination does not have a strong influence on the measured cross sections at energies beyond 305 eV.
The two features at 318.7 eV and 320.8 eV mentioned above (see also Fig. 1 , highest-energy resonance peaks in panel b) have not been identified. Most likely, they are associated with double excitations in which a K-shell electron and a L-shell electron are simultaneously promoted by one absorbed photon. Identification of the most prominent resonance features in the photoabsorption spectra is complicated by the very large number of levels that can potentially contribute. Again the GIP-PER code [27] was employed to see how much absorption oscillator strength is contributed by which levels at which excitation energies. Given the uncertainty of the calculated energies a level-by-level identification was not attempted.
For 3 np, with n = 2, 3, ...9 and 1s2s2p 2 nd, with n = 3, 4, ...9. More than 9000 transitions were considered and their dipole oscillator strengths f a for absorption calculated. Because of the uncertainties of the calculated resonance energies the relative positions of K-shell excited levels and the magnitude of the oscillator strengths were used to assign configurations to the most prominent peak features in the spectrum. According to this analysis the energy range 306 -308 eV is dominated by levels in the (1s2s 2 2p 3 P) 3p manifold, the range 309 -310.5 eV by levels in the (1s2s 2 2p 1 P) 3p manifold, and the range 310.5 -312 eV appears to be due to (1s2s 2 2p 3 P) 4p levels. The Rydberg series of (1s2s 2 2p 3 P) np resonances converges to the 1s2s 2 2p 3 P K-shell ionization edge at about 314.5 eV and is buried under resonances associated with (1s2s 2 2p 1 P) 4p levels. The (1s2s 2 2p 1 P) np Rydberg sequence with n = 5, 6, 7, 8, ... dominates in the energy range 315.5 -317.8 eV.
Figures 2 and 3 demonstrate that the K-shell excited levels of C + in the energy range up to about 312 eV predominantly decay by emission of one electron. These levels are associated with 1s → 2p, 1s → 3p, and partly with 1s → 4p excitations. When the principal quantum number of the outermost excited electron increases further, the probability for the emission of two electrons increases and the final product is a C 3+ ion. At energies beyond the 1s2s 2 2p 3 P K-shell ionization threshold even the resonantly excited C + ions decay almost exclusively by two-electron emission. As a result, the cross section for absorption of a photon by a C + ion in that energy range is nearly identical with the cross section for net double ionization.
The present experiment with its low detector background and its high photon flux provided much better conditions than those faced in the experiments of Schlachter et al. From the experimental results displayed in Fig. 4 resonance parameters for all the six peaks related to 1s → 2p excitations can be extracted using a global fit to both spectra. However, one has to consider that all the K-shell excited levels are multiplets as are the initial electronic levels of the parent C + ions. Due to the natural widths of the excited levels, none of these multiplets can be resolved in an experiment, even at infinite resolving power. The electron-cyclotron-resonance ion source used in the present experiments is known to produce a plasma with high electron temperatures. Therefore, it is easily possible to ionize and excite ions in a wide range of charge states. Excited states of ions with sufficiently long lifetimes can survive the time between their population in the plasma and the extraction of the ions from the source. They can further survive the time-of-flight between the source and the photon-ion interaction region which was 
2 P) (first three columns) and metastable C + (1s 2 2s2p 2 4 P) parent ions (last three columns). The top entry of each column is the Kvacancy term excited by a single photon. The resonance energies Eres are given with three decimals because their relative uncertainties are of the order of only 5 meV. The absolute calibration uncertainty is 30 meV. Throughout this paper the numbers in round brackets following a measured quantity denote the uncertainty of the last digits. The following parameters are provided as extracted from resonance fits to the measured spectra: Eres, the resonance energy relative to the initial term energy; ΓL, the Lorentzian width of the excited level; S1e, the partial resonance strength for net single ionization; S2e, the partial resonance strength for net double ionization; S3e, the partial resonance strength for net triple ionization; λ, the transition wavelength; τ , the lifetime of the excited level; S, the total resonance strength for photoabsorption; f ik , the oscillator strength for absorption from level |i to level |k ; A ki ; the associated Einstein coefficient for radiative decay of the excited level; Γγ, the radiative (partial) width of the excited level; Γ1e, the partial width for the emission of one electron; Γ2e, the partial width for the emission of two electrons; Γ3e, the partial width for the emission of three electrons; A1e, the single-Auger decay rate; A2e, the double-Auger decay rate; A3e, the triple-Auger decay rate. Quantities (S1e, S2e, S3e, and S) that depend on the fraction of ions in the specified initial term are normalized to a fraction of 100% so that the derived parameters (such as Selection rules for electric dipole transitions between the initial and final terms limit the number of possible transitions between the initial and final levels. Nevertheless, the 6 peaks observed in the experiment in the energy range 287 -291 eV comprise 27 significantly contributing level-to-level transitions [8] . The 2 D resonance populated from the ground term is made up of 3 transitions with transition energies differing by up to 19 meV. The 2 P resonance comprises 4 transitions separated by a maximum of 21 meV and the 2 S peak consists of 2 transitions separated by 8 meV. Similarly, the 3 peaks in the quartet system populated by excitation of ions initially in one of the 1s 2 2s2p 2 4 P levels are composed of 18 levels in total. The 4 S o resonance consists of 3 lines separated by a maximum of 3 meV. The 4 D o peak contains 8 lines separated by a maximum of 14 meV and the 4 P o peak comprises 7 transitions separated by a maximum of 9 meV. All the fine-structure splittings given above were taken from the theoretical results obtained by Shi and Dong [8] .
The multiplet structure complicates the interpretation of linewidths obtained by theory and experiment. In previous work addressing K-shell excitation of B-like ions C + [2] , N 2+ [9] and O 3+ [10] the multiplet nature of the resonances was not considered. Not accounting for the fine-structure effects is acceptable as long as the level splitting is much smaller than the natural or lifetime width Γ of the individual transitions. This has to be investigated for each case. Without further discussion of fine-structure splitting the Lorentzian width Γ L extracted from resonance fits has to be interpreted as an effective natural width which is not necessarily identical with the lifetime width.
In order to quantify the possible effects of finestructure splittings on the widths of the 1s → 2p photoexcitation resonances the information on resonance energies, natural line widths and oscillator strengths provided by Shi and Dong [8] for each of the 27 possible 1s → 2p resonance transition was used to construct a suitable model for fitting the experimental photoionization cross section. By careful inspection of 
where E γ is the photon energy and σ tot the cross section for total photoabsorption via the |i → |k transition. The quantity f ik is the oscillator strength of that transition. The six apparent peak features were then fitted by 27 Voigt profiles, each of which is characterized by a Lorentzian and a Gaussian width, the resonance energy, and the resonance strength. In addition, a constant background cross section was allowed. Rather than using a 109-parameter fit, a number of constraints were introduced. The Gaussian widths characterizing the experimental energy spread are all the same for each of the 27 profiles within one measured spectrum. Furthermore, the Lorentzian widths associated with each of the finestructure levels of one term have been assumed to be identical. Only the six energies of the lowest-energy transitions within each of the six apparent resonance features were used as fit parameters while the remaining transition energies were fixed by the fine-structure splittings calculated by Shi and Dong [8] . Also, only six parameters were used to fit the 27 resonance strengths by keeping the calculated relative resonance strengths within each peak feature identical to those predicted by theory [8] . With all these constraints, the Gaussian width, six Lorentzian widths, six apparent resonance energies and six factors for correcting the theoretical resonance strengths were extracted from the experiment.
The resulting parameters for the six 1s → 2p excitation resonances are provided in Table I . The first row shows the excitation energies found for the six resonances. Their absolute calibration uncertainty is ±30 meV. Yet the energies are given with three decimals because the relative uncertainty is less than 5 meV. The second and third rows show the remaining parameters resulting from the fit of the spectra in Fig. 4, i. e., the natural line widths Γ = Γ L and the resonance strengths S 1e for oneelectron removal. The estimated uncertainties are given by the numbers in brackets. In similar fits to experimental spectra (see Figs. 1 and 6 ) the resonance strengths S 2e for two-electron removal, and S 3e for three-electron removal were also determined. The measured strengths were normalized to 100% considering the relative fractions of ions in the ground term (90%) and the metastable term (10%) in the measurement. In other words, the resonance strengths obtained from the measurements were divided by 0.9 in case of the resonances populated from the ground-state term and by 0.1 in the case of resonances populated from the metastable parent ion term.
The remaining parameters provided in Table I have all been derived from the observables given in the first five rows. The relevant formulas are collected in the appendix which describes the procedure used for extracting all the additional information about the observed resonances. For convenience, the sixth row of Table I shows the wavelength of the transitions observed in the experiment. These are readily obtained from Eq. A.5. The lifetimes of the core-excited terms are easily calculated from Eq. A.6. The determination of the resonant-absorption strength S is more involved and requires additional information about radiative transition rates. An iterative procedure which converges after two steps provides S and the oscillator strength f ik as well as the radiative decay rate A ki and the partial width Γ γ for radiative decay of the core-excited term. Following from these parameters and the measured resonance strengths S ne (n = 1, 2, 3) for the removal of n electrons, the transition rates A ne for single-, double-, and triple-Auger decay as well as the partial widths of these decays can also be obtained.
The information collected in Table I can be used for constructing the natural (unconvoluted) absorption cross section related to 1s → 2p excitation of C + . This can be directly compared to the results of theoretical calculations. In principle, for such comparisons the cross sections for exclusively ground-term C + ions can be separated from the cross sections for exclusively metastable C + ions. Instead, comparisons are made assuming the conditions of the present experiment, i.e., 10% metastable and 90% ground-level ions. The experimentally derived natural cross section for such a mixture is shown in panel a) of Fig. 5 .
The simulated experimental cross section is compared with the results of two R-matrix calculations [1, 7] and the cross section reconstructed from the detailed information provided by Shi and Dong on the basis of their multiconfiguration Dirac-Fock calculations [8] . All cross The theory spectra were modeled assuming the experimental distribution of ground-term and metastable ions. Each panel displays the total resonance strength S tot contained in the associated photoabsorption spectrum.
sections are shown on a logarithmic scale to emphasize the smaller resonances in the comparison. The calculations show spectra which are quite similar to the experimental result. Obvious differences are mainly in the positions of the six resonance features. However, one has to keep in mind that the deviations are typically only within several tens of meV and reach no more than about 550 meV in a few cases. Such deviations at level energies of approximately 290 eV are less than 0.19%.
In Fig. 5 , the total resonance strength of each spectrum is provided. The average of the theoretical resonance strengths is 37.9 Mb eV which is only 9.5% from the experimental value. The maximum deviation is 14.5% which is still within the experimental uncertainty. While the resonance energies and the peak areas in the theory spectra are close to the experiment there are dramatic differences in the peak widths between different theoretical approaches and between theory and experiment. Quantitative comparisons are provided in Table II where selected parameters listed in Table I are compared with theoretical and experimental data available in the literature.
The parameters for which comparisons are possible are the resonance energies E res , the oscillator strengths f ik , the natural width Γ which is equal to the Lorentzian width Γ L found in the fits, the radiative decay rate A ki and the single-Auger decay rate A 1e .
The resonance energies found in the present investigation agree with most of the other experimental findings within their error bars. Deviations are observed for the positions of the smaller peaks in the spectrum particularly when comparing with the spectroscopic work of Jannitti et al. [4] . Differences with theoretical calculations have already been discussed and are below a level of 1.90 × 10 −3 . The experimentally derived oscillator strengths for absorption have estimated uncertainties between 28% for the strongest ground-term resonances and about 60% for the resonances associated with metastable parent ions. The reason for the relatively large error bars is in the uncertainty of the 10% fraction of the metastable component in the parent ion beam. With only few exceptions the theoretical oscillator strengths are well within the experimental error bars.
With an instrumental width of only 12 meV the determination of natural line widths for core-excited levels of C + ions can be expected to be quite accurate. Compared to the previous experiment by Schlachter et al. [2] the uncertainties of some of the Γ values could be substantially reduced by factors up to 8. Nevertheless the width of the broadest resonance, associated with the core-excited 2 D term, is within 4% in both experiments. In other cases the uncertainties quoted in the earlier experiment were slightly too optimistic. The theoretical natural widths show substantial scatter by factors of over 4. On average theory predicts broader resonances for metastable parent ions than what the experiment yields.
The radiative decay rates derived from the present experiment can be directly compared with the calculations by Sun et al. [25] who used the saddle-point variation and complex-rotation methods including relativistic and mass polarization corrections in first-order perturbation theory. The calculated radiative transition rates are in agreement with the experiment within the experimental uncertainties. Finally, the total transition rates for single-Auger decay found by the present measurement are compared with the results of four different theoretical calculations. For the resonances associated with groundterm parent ions, theory and experiment are in quite satisfying agreement. However, in few cases there are deviations exceeding a factor of 2.
The comparisons show that the accurate calculation 2 P) (first three columns) and metastable C(1s 2 2s2p 4 P) parent ions (last three columns). The peak assignment by Schlachter et al. [2] as well as that by Wang and Zhou [7] has been corrected according to the discussion by Hasoglu et al. [1] and the results of Shi and Dong [8] . The calculations by Shi and Dong are differential in the total angular momentum and appropriately weighted sums were entered into this [4] 287.91 (7) 288.59 (7) 289.95 (7) 287.09 (7) 288.02 (7) 289.80 (7) of atomic transition parameters for a relatively simple atomic ion with only 5 electrons is still a challenge.
With the results obtained in the present experiment for double-and triple-Auger decays the challenge becomes even greater. New theoretical attempts are being developed to deal with multi-electron ejection subsequent to inner-shell excitation (see e.g. [16] ). However, so far only one calculation has been published addressing the multielectron, and particularly the triple-Auger decay processes associated with K-shell excitations of C + ions that have been studied in the present experiment. But very encouraging new theoretical work that includes calculations also of direct triple-Auger decay is underway [30] .
The last part of this paper is devoted to the quantitative description of multiple ionization of C + ions as the result of the absorption of a single photon. For the strongest resonances found in single ionization, additional measurements of single, double and triple ionization were carried out at a fixed energy resolution of 92 meV [3] . The lowest panel in Fig. 6 shows the unambiguous observation of C 4+ product ions arising from K-shell excited C + (1s2s 2 2p 2 2 D, 2 P) states which are populated from the ground-state term of C + via one-photon absorption γ + C + (1s 2 2s 2 2p
The resulting K-vacancy states can obviously decay by the emission of up to three electrons. Other conceivable explanations for the observation of C 4+ product ions such as two-photon absorption or one-photon absorption plus one or more interactions with residual-gas particles were discussed in our previous Letter [3] and shown to be negligible.
Along with the experimental data, Fig. 6 presents theoretical cross section curves constructed from calculations of single-, double-and triple-Auger decay of Kshell excited C + (1s2s 2 2p 2 2 D, 2 P) terms. Decay rates for Auger processes starting from these terms with emission of one, two or three electrons were computed by Zhou et al. [31] and are compared in Table III with the experimentally derived decay rates. From the theoretical decay rates as well as the calculated resonance energies E res and natural widths Γ, also provided in Table III The resonance energies obtained by Zhou et al. are slightly off, however, the differences are at most 300 meV corresponding to 0.1% of the associated resonance energies. The magnitudes of the cross sections, partly being adjusted to the experimental data by using the experimentally derived oscillator strengths, give remarkable agreement for all three final charge states of the ionized ions which requires realistic multi-electron-ejection decay rates. The comparison of these rates in Table III shows a level of agreement that is very encouraging for further developments in this new field of research.
IV. SUMMARY
In this paper, which is a follow-up of a previous Letter [3] , details of the experiments are presented. In particular, the experimental data are compared to available theoretical results from different computational approaches. From high-resolution absolute cross-section measurements at a resolving power of up to 24 000, exceeding that of previous experiments by a factor of four, complete sets of transition parameters for 1s → 2p excitations of ground-term and metastable C + ions could be derived. These include not only the resonance energies, natural widths and resonance strengths but also the transition rates for radiative decay as well as single-, double-, and triple-Auger decays. Oscillator strengths, partial decay widths, transition wavelengths, and lifetimes of Kshell excited terms are also readily computed from the extracted information. Comparison of these quantities with data available in the literature show mixed agreement. This is remarkable since C + with only five electrons is a relatively simple system. It is all the more encouraging that now also the decay rates for multi-electron ejection up to the triple-Auger decay can be theoretically accessed producing results that are in remarkable agreement with the present measurements opening a new window into the important field of many-electron processes in atomic systems.
This appendix introduces quantities often used in atomic and molecular spectroscopy and provides information on their mutual relations. Such information can be found in textbooks and scientific papers (see for example [26, [32] [33] [34] ). However, the use of different definitions such as line strength and resonance strength may cause confusion. Moreover, different unit systems in theoretical treatments and in the resulting equations provide additional pitfalls. It is felt therefore, that a consistent set of spectroscopic quantities and equations should be introduced and discussed in the present context. In all formulas SI units are used. On the basis of the relations provided in the following, many of the data presented in this paper have been derived. Photoionization of an atom or an ion can proceed in a direct process in which an electron is removed from one of the occupied subshells. Alternatively, an inner-shell electron can be excited to an autoionizing state that relaxes by Auger decay. The latter process is characterized by a resonance in the cross section which is associated with the intermediate multiply excited state. This state has an intrinsic width, the natural width Γ, and is found at the photon energy E res . This energy is required to populate the intermediate excited level from the initial state which can be the ground level or a long-lived excited level. Depending on the experimental resolution and the natural widths of the intermediate excited levels, individual resonances can be separated in the measured photoionization spectrum, i.e., in the cross section for the production of ions in a given charge state as a function of photon energy.
With sufficient experimental resolution the natural width of each individual resonance can be determined. From the absolute measurement of the photoionization cross section σ the resonance strength, which is essentially the peak area under the resonance,
is obtained. E γ is the photon energy. This definition of S follows the experiment-oriented approach pursued, for example, in the treatment by Thorne [32] who defines an integrated absorption coefficient k which is related to the absorption oscillator strength f ik via
where ν is the frequency of the absorbed light, e the elementary charge, 0 the electric constant, m e the electron rest mass, c the vacuum speed of light, and n i the number density of absorbing atoms in state |i per unit volume. A beam of photons passing the distance x through the absorbing dilute medium is attenuated by the factor exp(−kx) = exp(−σn 1 x). By replacing k(ν) in Eq. A.2 with σn 1 and multiplying both sides of the equation with Planck's constant h and dividing by n 1 , one obtains (A.3) Since S follows from measured cross sections it is possible to derive the absorption oscillator strength from the experiment.
Eq. A.2 is valid under the assumption that quantum mechanical interferences between resonant and nonresonant as well as between neighboring resonances can be neglected. As in the present experiment, the intermediate core-excited level may undergo different Auger processes and cascades of Auger decays may be possible leading to different final charge states of the initial atom or ion. Each channel is described by a cross section σ ne with n characterizing the number of electrons removed from the initial atom or ion. The intermediate excited level can also decay by the emission of electromagnetic radiation. The associated channel has not been observed in merged-beam photon-ion experiments so far. Yet it is possible to extract information on the rate for radiative transitions. As an example, photoexcitation of ground-term C + (1s 2 2s 2 2p 2 P) ions to K-shell-excited C + (1s2s 2 2p 2 2 D) and C + (1s2s 2 2p 2 2 P) is discussed below. Absolute cross sections σ 1e , σ 2e , and σ 3e for net single, double and triple photoionization, respectively, are included in Fig. 1 and separately displayed in Fig. 6 .
From a detailed high-resolution experiment, like the present one, the resonance energy E res and the natural width Γ can be obtained as well as the resonance strength S ne for each of the n-electron-removal channels
The number n of electrons finally removed from the parent atom or ion depends on the atomic number, the charge state, the level structure and on the core-hole state populated in the photoabsorption process. For the present examples at most n = 3 electrons were removed. The cross section for net triple photoionization is already very small (by a factor of ≈ 10 −4 compared to single photoionization).
The transition wavelength λ ik follows immediately as withh, as usual, equal to Planck's constant divided by 2π. Next, the absorption oscillator strength f ik follows from the absorption resonance strength S. This quantity is the sum of the individual resonance strengths of all decay channels S = S 1e + S 2e + S 3e + S γ .
(A.7)
So far, the resonance strength contained in the photonemission channels is not known and photoemission is not observed. However, the absorption oscillator strength f ik for the transition from the initial level |i to the intermediate autoionizing level |k is directly related to the Einstein coefficient A ki which describes the rate of radiative decay from level |k to level |i . The oscillator strength follows from the relation (see Eq. A. The oscillator strength f ik for an electric dipole transition i → k can also be expressed by its relation with the transition rate A ki [34] f ik = 1. All these quantities have been derived from the measurement of 1s → 2p excitations of C + and are listed in Table I. As far as available, they are compared with the literature in Table II. 
